Abstract Tin was selected as a modifying element in lowgold-content (50 at.%) bulk metallic glasses (BMGs) aiming at developing alloys with cost-effective performance. New gold-based Au-Sn-Cu-Si alloys were fabricated by injection-casting into a copper mold. The as-cast BMG Au 50 Sn 6 Cu 26 Si 18 with 18.6-karat gold and a diameter of 1 mm possessed a lower glass transition temperature (T g ) of 82°C (355 K), a lower liquid temperature of 330°C (603 K), and a super-cooled liquid region of 31°C. The viscosity range of this BMG Au 50 Sn 6 Cu 26 Si 18 was from 10 8 to 10 9 Pa s measured at a low applied stress of 13 kPa. To compare the viscosity with different applied stresses, its viscosity clearly increased with applied stress below T g but not so obvious above T g . The low viscosity of this BMG Au 50 Sn 6 Cu 26 Si 18 at around 102°C, which is very close to the boiling temperature of water (100°C), rendered easy thermal-mechanical deformation in a boiling waterbath by hand-pressing and tweezers-bending. Such a deformation capability in boiling water is beneficial to the further applications in various fields.
Introduction
Pure gold is a precious metal and possesses the characteristics of luster, softness, malleability, and ductility. However, in its pure form, it is too soft to be used for monetary exchange and for producing jewelry materials. Thus, hardening of gold by alloying it with Cu, Ag, Ni, or other metals have been a common practice for a long time [1, 2] . Moreover, because of its superior thermal conductivity, excellent electrical conductivity, and high resistance to corrosion, gold has been widely applied in modern industries including IC electronics, aerospace, medicine, and dentistry [3] . Although pure gold and gold-based alloys with higher karats without toxic elements are useful and acceptable for the human body, the existence of grain boundaries in crystalline gold-based alloys is an ongoing concern with biomedical implants.
Metallic glass is amorphous in structure, containing no crystalline anisotropy, dislocation, grain boundary, or crystalline defects [4] . Bulk metallic glasses (BMGs) usually possess unique properties such as high strength and elasticity, increased hardness, good toughness, and excellent resistance to corrosion compared to their crystalline counterparts [5, 6] . Since 1988, a large number of BMG systems have been developed notably those Mg- [7] , La- [8] , Zr- [9] , Fe- [10] , Pd- [11] , Pt- [12] , Ti- [13] , Ni- [14] , and Ca- [15] alloy systems. These BMGs exhibit large critical glass forming size and high thermal stability and hence reveal new possibilities for industrial applications.
In 1960, Klement et al. [5] synthesized the first amorphous alloy using the binary eutectic Au 82 Si 18 composition, in thickness less than 50 μm. However, its poor glassforming ability (GFA) has resulted in limited development over the past several decades. Schroers et al. exploited goldbased multi-component BMGs. These Au-based BMGs possessed a low glass transition temperature (T g ) of at most 128°C, good thermal stability at ambient temperature, and increased hardness, and they were easier to process. For Au-Ag-Pd-Cu-Si BMGs, the addition of Pd and Ag enhances GFA but they increase T g [3] . On the other hand, Zhang et al. increased the gold content in Au-Ag-Cu-Si BMGs and resulted in a sharp decrease in T g . The lowest reported T g for an Au-based BMG is 66°C in the high-Au content composition Au 70 Cu 5.5 Ag 7.5 Si 17 [16] . The above properties make Au-based BMGs useful for applications such as jewelry, micro-electromechanical systems (MEMS), electronics, nanomolding technologies [17, 18] , and dentistry [19] .
The purpose of this study is to explore new Au-based BMG composition with cost-effective performance. Composition design is to keep the gold content as low as possible, yet not less than 18 karats. We used tin as an inexpensive alloying element instead of palladium or silver. The performance of major concern is the thermal properties in particular the relationship between viscosity and deformation capability (processing characteristics) of such BMGs. More specifically, our ultimate goal is to develop a new Au-based BMG with low glass transition temperature which will facilitate processing capability to benefit further applications. 18 were prepared by arc melting the mixtures of pure elements Au, Sn, Cu, and Si with purities of at least 99.9% under vacuum at 10 −2 Torr. For homogeneity of the alloys, we melted the ingots six times for each composition. Bulk alloy rods with diameters of 1 mm were fabricated by conventional injection casting into a copper mold under an argon atmosphere. The structure of the as-cast rods was examined by X-ray diffractometry (XRD, Shimadzu XRD-6000) using Cu K α1 radiation. The thermal properties were studied by a differential scanning calorimetry (DSC; PerkinElmer Diamond DSC) at a fixed heating rate of 20°C/min under flowing argon. To study the processing ability, we used a thermal mechanical analyzer (TMA; PerkinElmer Diamond TMA). The as-cast rods were cut into pieces, each with an aspect ratio of around 2 and polished at both ends. TMA measurements were performed with applied loads of 10 and 50 mN. We raised the temperature of the as-cast rods at a fixed heating rate of 10°C/min starting from room temperature to 200°C. The microstructure was observed on cross sections of the as-cast rods using a transmission electron microscope (TEM; JOEL 2010F) operating at an accelerating potential of 200 kV. Structural identification of the phases was carried out by conventional selected area electron diffraction (SAED).
Experimental details
Results and discussion Figure 1 depicts the X-ray diffraction (XRD) patterns taken from the transverse cross sections of the as-cast Fig. 3 . The crystallization temperature T x and T g are 113°C and 82°C, respectively. The liquid temperature (T l ) of Au 50 Sn 6 Cu 26 Si 18 BMG is 330°C. The calculated thermal criteria are the super-cooled liquid region (ΔT x ), 31 K; the reduced glass transition temperature (T rg ), 0.59; and the γ-factor 0.403. Although the ΔT x of the Au 50 Sn 6 Cu 26 Si 18 BMG was not as high as those reported in the literature [16] , it was expected to be potential for easier processing below 100°C in hot water because of low T g and moderate ΔT x . Therefore, we carried out further study on its viscosity at elevated temperatures, as to be delineated later. 16.3 . Despite its high T g , this BMG has been widely used as the mold material in nano-imprint technology and in MEMS. Therefore, our BMG alloy, which has a lower T g and does not contain Pd and Ag, is more costeffective in similar applications.
Thermal mechanical analysis (TMA) and differential TMA (DTMA) curves of the Au 50 Sn 6 Cu 26 Si 18 as-cast BMG rod at an applied load of 50 mN are plotted in Fig. 4 . The DTMA curve shows the differentiated results of displacement related to time. To exhibit the relationship between temperature and viscosity several parameters are defined. They are the onset temperature of viscous flow for the initial state (T onset ); the temperature corresponding to the lowest viscosity which is the viscosity of semi-steady state (T vs ); and the finishing temperature of viscous flow for the full crystallization state (T finish ). These are marked on the DTMA curve. From the DTMA curve, T onset , T vs , and T finish are 84°C, 108°C, and 116°C, respectively. The values of T onset and T finish are very close to those of T g (82°C) and T x (113°C), respectively. TMA data and DSC data are almost the same for these two specific temperatures. The viscosity 
where σ is the stress (Pa), I " is the strain rate (s −1 ), d 0 is the initial diameter of the specimen, l 0 is the initial length of the specimen, and ε n the engineering strain (nominal strain). The stress is calculated by σ ¼ F=A 0 ð Þ l=l 0 ð Þ, where F, A 0 , and l are the applied loading force (mN), initial crosssectional area of the specimen, and length after deformation, respectively. Calculated results are plotted in Fig. 5 .
The curves in Fig. 5a and b [20] . In addition, we observed that viscosity increases as increasing applied stress from 13 to 65 kPa. These tendencies are consistent with those reported by Chang et al. [21] [17] . Hence, the applied flow stress of 13 kPa for the BMG Au 50 Sn 6 Cu 26 Si 18 is relatively low [21, 22] . Table 1 Thermal parameters of several Au-based BMGs found in the literature along with the values determined from this study [3] Composition (at.%) In addition, the viscosity value is highly dependent on temperature. In fact, the much higher viscosity measured at 65 kPa is at a temperature much lower than 83°C, which is the TMA glass transition temperature. As the temperature becomes higher than 83°C, the viscosity soon declines to its minimum value. The viscosity decreases from 10 9 to 10 8 Pa s for both applied stresses of 13 and 65 kPa. Over this temperature range, the BMG Au 50 Sn 6 Cu 26 Si 18 exhibits a typical viscosity of a Newtonian liquid. There exists a subtle difference in minimum viscosity values, 10 8 Pa s at 13 kPa and 2×10
8 Pa s at 65 kPa, and at different temperatures of the lowest viscosity (T vs ), 102°C at 13 kPa and 108°C at 65 kPa. This indicates that the applied stress does influence the measured viscosity to some extent. Above 113°C, the BMG no longer exhibits the viscosity that is characteristic of glassy materials, but instead shows the deformation characteristics of a rigid crystalline solid in responding to applied stress at elevated temperatures. These results indicate that the BMG Au 50 Sn 6 Cu 26 Si 18 can have a viscous flow.
According to the result of viscosity, the proposed best temperature for thermal deformation is at 102°C, which is very close to the boiling temperature of water (100°C). Hence, we think it is possible to investigate the deformability of the as-cast Au 50 Sn 6 Cu 26 Si 18 BMG, 1 mm in diameter, in boiling water-bath. Figure 6a and 18 BMG can be pressed to be flattened, and can be bent to 90-180°repeatedly for several times without breaking or hardening. We did deformation out of the boiling water-bath and the BMG rod soon cracked. These are direct proofs that the BMG alloy deforms by a viscous flow mechanism in boiling water. Such a deformation capability in boiling water, which does not need a temperature controller to maintain isothermal condition, is very useful for application in various fields. These include but not limited to nano-imprint molds, dental prosthesis, jewelry, or MEMS devices.
Conclusions
In summary, we explored a cost-effective quaternary goldbased BMG Au 50 Sn 6 Cu 26 Si 18 with a gold content of 18.6 karats in this research. This alloy retains a good GFA which renders possibility of inject-casting into BMG rod of at least 1 mm in diameter. This new Au-based BMG is characteristic of low glass transition (82°C), crystallization (113°C), and liquid (330°C) temperatures and a moderate super-cooled liquid region (ΔT x , 31°C). Moreover, the Au 50 Sn 6 Cu 26 Si 18 BMG exhibits a viscosity ranging from 10 8 to 10 9 Pa s measured under an applied stress as low as 13 kPa. The merit of its significant deformation capability at around 100°C (i.e., at the boiling temperature of water) renders easy and precise deformation without the use of a temperature controller. Based on these outstanding and cost-effective characteristics, the new BMG Au 50 Sn 6 Cu 26 Si 18 will find extensive applications in molds for nano-imprinting, dental prosthesis, jewelry, and MEMS devices in the future. 
